Molecular and population genetic ecotoxicologic approaches are being developed for the utilization of arthropods as bioreporters of heavy metal mixtures in the environment. The explosion of knowledge in molecular biology, molecular genetics, and biotechnology provides an unparalleled opportunity to use arthropods as bioreporter organisms. Interspecific differences in aquatic arthropod populations have been previously demonstrated in response to heavy metal insult in the Arkansas River (AR) California Gulch Superfund site (CGSS). Population genetic analyses were conducted on the mayfly Baetis tricaudatus. Genetic polymorphisms were detected in polymerase chain reaction amplified 16S mitochondrial rDNA (a selectively neutral gene) of B. tricaudatus using single-strand conformation polymorphism analysis. Genetic differences may have resulted from impediments to gene flow in the population caused by mortality arising from exposure to heavy metal mixture pollution. In laboratory studies a candidate metal-responsive mucinlike gene, which is metal and dose specific, has been identified in Chironomus tentans and other potential AR-CGSS bioreporter species. Population genetic analyses using the mucinlike gene may provide insight into the role of this selectable gene in determining the breeding structure of B. tricaudatus in the AR-CGSS and may provide mechanistic insight into determinants of aquatic arthropod response to heavy metal insult. Metal-responsive (MR) genes and regulatory sequences are being isolated, characterized, and assayed for differential gene expression in response to heavy metal mixture pollution in the AR-CGSS. Identified promoter sequences can then be engineered into previously developed MR constructs to provide sensitive in vitro assays for environmental bioreporting of heavy metal mixtures. The results of the population genetic studies are being entered into an AR geographic information system that contains substantial biological, chemical, and geophysical information. Integrated spatial, structural, and temporal analyses of these parameters will provide invaluable information concerning environmental determinants that restrict or promote gene flow in bioreporter populations.
In the Rocky Mountain West, heavy metal pollution from contemporary and historic mining operations poses significant environmental problems. Since the discovery of gold and other minerals in the Rocky
Mountains during the mid-1800s, mining activities have had a major impact on watersheds in this region. In Colorado, heavy metals from an estimated 5000 abandoned waste dumps or tailing piles impact > 2600 km of streams (1, 2) . These hazardous waste sites expose humans, fish, wildlife, and other animals to multiple heavy metals. Mixtures of heavy metal contaminants can impact aquatic ecosystems at different levels of organization (2, 3) and assessment of risks associated with exposure to such chemical mixtures is difficult (4) . Long-term low-level effects of exposure to chemical mixtures are especially difficult to assess with currently available testing systems (4, 5) . Theoretically, organisms such as aquatic arthropods that experience longterm exposure to the mixtures and proceed through embryogenesis and development in the presence of the mixtures would be the most sensitive reporters of environmental contamination. This is not a new concept; however, novel approaches are now available to exploit such organisms for bioreporting. Indeed, the explosion of knowledge in molecular biology, molecular genetics, and biotechnology provides an unparalleled opportunity to use arthropods and other aquatic organisms as bioreporters (1) (2) (3) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Modern population genetic approaches permit analyses of perturbations in the genetic structure of bioreporter populations resulting from exposure to heavy metals and other environmental toxicants (19) . In addition, molecular approaches permit the identification and isolation of endogenous metal-responsive (MR) genes in bioreporter species. These two approaches provide environmental bioreporting capability at the genetic, individual, and population levels and potentially provide unprecedented capability for bioreporting of heavy metal pollution. At Colorado State University (Fort Collins, Colorado), we are involved in a long-term project to develop novel approaches for the utilization of aquatic arthropods for bioreporting of mixtures of heavy metals. The technologies and approaches we developed for genetic analyses of mosquito vector populations and for identification of populations that pose exceptional risk of transdiseases to humans (20) (21) (22) (23) (24) (25) (26) (27) (28) (Figure 1 ). Levels of Cd, Cu, Pb, and Zn exceed federal criteria levels for > 400 km of the upper AR, and heavy metal toxicity to Ceriodaphnia dubia has been measured > 50 km downstream from CGSS (1, 2) . Interspecific differences in aquatic arthropod populations have been demonstrated in response to heavy metal insult associated with the AR-CGSS. There are shifts in benthic community composition and reduced species diversity at sites located downstream from the CGSS (1, 29 (15, 16, (29) (30) (31) (32) (33) (34) (35) and for environmental bioreporting (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) (50) . Chironomids, mayflies, and caddis flies have common attributes that make them attractive for bioreporting: they are commonly found in most aquatic systems; they are relatively sedentary and thus representative of local conditions; they are benthic and thus closely associated with sediments; and they accumulate metals in a manner directly proportional to environmental conditions (33) . The The response of insects to heavy metal insult has been the subject of much research. Insects exposed to heavy metals at sublethal doses exhibit pathologic effects on hatching, locomotion, respiration, feeding, growth, morphology, pupation, emergence, and oviposition (33, 34, 53, 54) . Concentrations and toxic effects of metals depend on the bioavailability of the metal (31, 32, 50, 55, 56) and the size, age, sex, and developmental stage of the arthropod (38, (57) (58) (59) (60) (68) . Metal tolerance has been best studied in plants, especially those associated with mine tailings (13, 14) . Mechanisms (27, 77 
Geographic Information Systems Analysis
Geographic information systems provide technologies, statistical analyses, and functions that permit management and analysis of complex information systems and large databases while retaining spatial and temporal integrity (79) . This study provides an unprecedented opportunity to effect a marriage of GIS and population genetic approaches to environmental monitoring. An extensive GIS database of the AR basin is already available (80) and will be augmented with the population genetic results.
Genetic Ecotoxicologic Studies of the AR-CGSS
The overall hypothesis of these studies is that population genetic and molecular genetic approaches using indigenous arthropod species will provide an important new approach to environmental bioreporting of metal and chemical mixture pollution in the AR-CGSS.
Population Genetic Studies
Introduction. As noted previously, there has been a recent revolution in the types and diversity of genetic markers for use in population genetics (26) . These However, frequently we have no a priori knowledge of candidate MR genes and there may be many physiological and developmental mechanisms that condition adaptation to the presence of metals. Furthermore, a species may lack the ability to adapt to metals and may simply leave a contaminated environment or die. In these cases, it is more appropriate to focus on the general genetic diversity of an organism as an indicator of the whole organism response to metal exposure. If perturbations in the breeding structure of the population are identified using neutral genes, specific genetic responses to heavy metals can then be identified in the bioreporter species using molecular genetic approaches. Neutral genes can include regions of nuclear genes such as introns and repetitive regions as well as organelle genes from the mitochondrial genome.
We are examining genetic diversity in the 16S mitochondrial rDNA of Baetis tricaudatus as a measure of the total genetic diversity in the species in the AR. We have used this region in population genetic analyses of a number of arthropod species (27, (81) (82) (83) . There is a large amount of variation in this gene within a species and the distribution of alleles fits the infinite allele model, suggesting that it is selectively neutral.
Examination of neutral genes provides clues to the genetic history of a population. If a population occurs in a region of metal exposure and has reduced genetic variability relative to populations of the same species from unexposed areas, this is strong circumstantial evidence that the population has historically been severely reduced or destroyed by metal exposure. Alternatively, a population that has tolerated metal exposure or has adapted to the presence of metal may have genetic diversity similar to unexposed populations. These trends in genetic diversity may shift seasonally in species with annual cycles of reproduction or in species with overlapping age structures. For example, benthic drift from unpolluted upstream sites or oviposition by females from unexposed downstream sites would increase the genetic diversity at a site on an annual or even monthly basis. However, this might be offset by periodic flushes of heavily contaminated waters (e.g., during spring runoff) through that site. Changes in genetic structure of exposed populations have been used in biomonitoring studies as evidence of metal impact (16, 84) , and lower genetic diversity has been associated with reduced fitness (85) and increased susceptibility to other stressors (86) (87) (88) (81) . Similarity was calculated using Nei's unbiased genetic distance (81) . Sequences were initially aligned using the program CLUSTALV (91) and then aligned on established structures for the 16S mitochondrial DNA genes (92, 93 (Figure 1) . The first site, EF5, was located upstream from the CGSS on the East Fork of the Arkansas River, downstream from the Leadville Mine drainage tunnel. The second site, ARI, was located upstream of the CGSS, a point source for metal pollution. Site AR3 was located directly below the CGSS and was heavily exposed to metal pollution. AR5 was located further downstream from CGSS and was a site with significant metal pollution. Six haplotypes of 16S mitochondrial rDNA were detected at EF5 and ARI, whereas five haplotypes were detected at AR3 and four at AR5 ( Figure 3A) . Figure 3D . Population density increased as we went downstream, directly correlated with stream size and inversely correlated with elevation (95). Genetic diversity was not correlated with population density at the impacted sites. analysis. MR genes can be amplified directly from a single organism and genotypic frequencies in metal-contaminated or uncontaminated environments can be ascertained. Population genetic analysis of such genes theoretically provides a better approach to identifying specific environmental restrictions to gene flow. Genetic variation in specific MR genes can be readily identified by SSCP or sequence analysis. In this regard, we are isolating and characterizing genes that are differentially expressed in chironomid, caddis fly, and mayfly bioreporter species at the AR and CLP sites. The rationale for these studies is that gene expression will differ qualitatively and/or quantitatively in heavy-metal-exposed and naive bioreporter populations. These studies will demonstrate the feasibility of using MR genes from aquatic insects as biomarkers in molecular biological approaches to metal pollution biomonitoring of aquatic ecosystems. Characterization of the MR genes will also provide a fundamental understanding of the underlying mechanism of gene regulation by heavy metals as well as facilitating the development of practical molecularbased assays for biomonitoring heavy metal pollution in water.
Materials and Methods
Bioreporter Species. Initial studies to identify MR genes were conducted in the mosquito (Aedes aegypti). Information obtained for mosquito MR genes has greatly facilitated identification of homologs of these genes in environmentally relevant organisms from the AR-CGSS (e.g., midges, mayflies, and caddis flies). Chironomus tentans is being used as a model species in laboratory studies to define MR genes in midges. There are more than 2500 Chironomus species in North America (97) . Chironomus species usually account for at least 50% of the combined macroinvertebrate species composition on any given freshwater ecosystem (97) . Chironomids are common and have an holarctic distribution, they are relatively sedentary and thus representative of local conditions, and larvae may accumulate metals in a manner directly proportional to environmental conditions (41, 57, 98 (57) , and Harrahy et al. (98) . A. aegypti were reared as described by Raymes-Keller et al. (99) . The basic protocol was to expose C. tentans or A. aegvpti larvae to predetermined sublethal doses of heavy metals (41, 57, 98) . Each experiment was conducted in duplicate; 50 to 100 fourth instar larvae were placed in receptacles filled with 200 ml dechlorinated tap water containing either 50 or 500 ppb Cd (or other metals such as Hg) and Cu, or their binary and trinary combinations, in the case of A. aegypti, or no metal. Samples (larvae) were collected after 24-hr exposure. Preliminary studies with A. aegypti revealed that this exposure time was adequate for the induction of MR genes. After exposure larvae were harvested and nucleic acids were isolated. The challenge doses and regimens were selected based on the published data on the biotoxicologic effect of Cd on C. tentans (41, 57, 98) and our data demonstrating the effect of Cd on A. aegypti (99) .
Construction and Screening ofcDNA
Libraries. To prepare cDNA libraries, larvae from bioreporter species were exposed to heavy metals (Cd, Cu, and Hg). A control group was not exposed toheavy metals. Using standard mRNAs were isolated from each challenged and control larvae of each species (100). A cDNA library was constructed using the same protocols we used to construct cDNA libraries of A. aegypti and Simulium vittatum (101) . The cDNA libraries were constructed using the lambda ZapIIXR cloning kit (Stratagene, La Jolla, California) from 5 pg of twice oligo dT selected poly A (pA)+ RNA isolated from C. tentans exposed to selected heavy metals or from 5 pg of twice-selected pA+ RNA isolated from B. tricaudatus larvae from AR3 ( Figure 1 ).
The quality and representativeness of the library was assessed by the number of independent clones obtained per microgram of vector DNA (> 106 pfu/pg), the number of actin cDNAs obtained (approximately 1% of the plaques should contain this cDNA), the number of nonrecombinant clones (< 5% of the clones should be nonrecombinant), and the size of the cDNA inserts (more than 500 bp (105) . The molecular cloning and characterization of the A. aegypti mucin gene will be described elsewhere (104) .
Metal-Responsive Genes from Chironomus tentans and Baetis tricaudatus. A C. tentans cDNA library was constructed from pA+ RNA isolated from metal-exposed fourth instar larvae. The library contained 3.4 x 106 pfu/ml (independent clones), with < 1 x 104 pfu/ml nonrecombinant clones (background), and the average insert size was > 1 Kb in length. The C tentans cDNA library was screened with radioactive cDNA probes made from pA+ RNAs isolated from metal-exposed and naive larvae (differential screen) and with radioactive DNA probe made from the A. aegypti pB6u gene (similarity screen). Several putative MR clones were isolated (plaque purified).
A B. tricaudatus cDNA library was constructed from larvae collected from AR2 and AR3 above and below the CGSS (Figure 1 ). pA+ RNA was isolated from AR2 and AR3 larvae. The library contained 1.4 x 106 pfu/ml (independent clones), with < 1 x 104 pfu/ml nonrecombinant clones (background), and the average insert size was > 1 Kb in length. The B. tricaudatus cDNA library was screened with radioactive cDNA probes made from pA+ RNAs isolated from either AR2 or AR3 larvae (differential screen) to identify genes whose transcripts were more abundantly expressed, or preferentially expressed, in larvae from AR3 (more polluted). Several AR3-specific clones were isolated (plaque purified). (112) .
increase in Luc protein production over basal level expression was detected after 48 hr ( Figure 7B ).
Induction ofthe Constt uith Heavy Metal Mixtures. Six heavy metals (As, Cd, Cr, Pb, Hg, and Ni) and four organics (benzene, chloroform, phenol, and trichloroethylene) detected in contaminated water (113) were then investigated for their ability to induce the pMT-2 Luc reporter system ( Figure 7A ). The cells (80% monolayer) were subjected to the doses of heavy metals or organics (0.lx, 0.5x, 1.0x, and lOx) detected in contaminated water (4) and incubated at 280C for 12, 24, 48, and 60 hr. Only 0.5x (19 ppm) Pb+2 and 1Ox (3 ppm) Hg+2 induced Luc protein expression ( Figure 7B ). Maximum levels were observed after 48 hr ( Figure 7B ). Several metals were assayed for their synergistic and antagonistic effects in vitro. Multiple binary and trinary combinations, at all concentrations, of metals and/or organics were exposed to LucC5 cells for 48 hr. Of these combinations 13 ppm Cu+2 + 19 ppm Pb+2 demonstrated the greatest synergistic effect, a 14-fold increase in Luc protein expression ( Figure 7B ). In contrast, antagonistic effects were observed when 13 ppm Cu was combined with 5 ppm benzene, 3.4 ppm phenol, 3.8 ppm trichloroethylene, and 1.5 ppm chloroform; expression was decreased 9-, 5-, 10-, and 6-fold, respectively (data not shown).
Long-term effects to LucC5 cells exposed to 13 ppm Cu, 19 ppm Pb, and 3 ppm Hg were investigated using sequential dose experiments. LucC5 cells were challenged with the heavy metal(s). After incubation for 48 hr, cells were washed and L-1 5 growth medium containing the original concentration of the heavy metal was added. After an additional incubation at 28°C for 48 hr, the cells were harvested and analyzed as described above. Maximum levels of Luc protein induction were observed after the first heavy metal dose for all three metals and mimicked the results seen after a 48-hr exposure. A decline in specific activity was observed after the second and third doses. These results may be attributable to longterm exposure of the cells to heavy metal(s).
Discussion
These studies demonstrate that an MR regulatory region from an insect (D. melanogaster) can direct expression of a reporter gene in the cells of another insect (A. albopictus) in a predictable and appropriate manner. These studies lay the groundwork for the in vitro characterization of identified MR genes from our selected AR-CGSS bioreporter species and for utilization of sensitive and specific promoter constructs into in vitro bioreporter systems.
Summary
The overall goal of this research is to apply molecular and population genetic approaches to exploit arthropods as bioreporters of heavy metal mixture pollution in the AR-CGSS. 
